Abstract. This paper introduces an approach based on the 3C (communication, coordination and cooperation) collaboration model to the development of collaborative systems. The 3C model is studied by means of a detailed analysis of each of its three elements, followed by a case study of a learningware application and the methodology of a web-based course, both designed based on this model. Moreover, this paper describes a component-based system architecture following this 3C approach.
INTRODUCTION
Collaboration may be seen as the combination of communication, coordination and cooperation. Communication is related to the exchange of messages and information among people; coordination is related to the management of people, their activities and resources; and cooperation, which is the production taking place on a shared space. This model, which we call 3C model, was originally proposed by Ellis et al. [1991] , with some terminological differences. Cooperation, which Ellis denominates "collaboration", here characterizes a joint operation in a shared space.
The 3C model appears frequently in the literature as a means to classify collaborative systems, e.g. as done by Borghoff & Schlichter [2000] . In the present paper, we explore the 3C model, as a means to represent a groupware application domain and also to serve as a basis for groupware development.
Instantiating the 3C Model
The relationship among the 3Cs of the model is a guidance to understand a groupware application domain. For example, one may consider Media Spaces [Mackay, 1999] , which are multimediaenhanced spaces aimed at informal communication among people. In the Media Spaces domain, the 3C model may be instantiated according to Figure 1 . The Media Space itself is the shared space. Since it is aimed at informal communication, its main goal is actually to create opportunities for informal meetings, which are coordinated by the standing social protocol, for example, by accessing the availability of remote colleagues. These meetings generate conversation, which may occur using the media provided by the system or any other available means, such as telephones.
In this paper, we are focused on another groupware domain; group work, represented in Figure 2 . According to this instantiation of the 3C model, while communicating, people negotiate and make decisions. While coordinating themselves, they deal with conflicts and organize their activities in a manner that prevents loss of communication and of cooperation efforts. Cooperation is the joint operation of members of the group in a shared space, seeking to execute tasks, generating and manipulating cooperation objects. The need for renegotiating and for making decisions about nonexpected situations that appear during cooperation may demand a new round of communication, which will require coordination to reorganize the tasks to be executed during cooperation. This cycle shows the iterative nature of collaboration. The participants obtain feedback from their actions and feedthrough from the actions of their companions by means of awareness information related to the interaction among participants [Gerosa et al., 2003 ].
THE AULANET LEARNING ENVIRONMENT
The manner in which people work has changed with the advent of the connected society. Accustomed to the paradigm of command and control that is taught in classrooms and widely disseminated on factory floors-or, rather, conditioned by it-, workers are not up to the new demands of the connected society. They are trained to react to clear orders, well-defined procedures and specific activities of individual preference. Their understanding of communication is vertical-memorandums come down from above and reports are sent up the line. Thus, as in a classroom, horizontal communication-communication with a shift colleague-besides being hardly well thought of is also given no technological support. Knowledge workers, on the other hand, constantly interact with their colleagues in order to carry out their tasks, creating a situation where workspaces and learning spaces converge. The organization that was imposed top-down in the command and control paradigm loses effectiveness and is replaced by one that is peer-to-peer like, where communication, coordination and cooperation predominate.
AulaNet is a freeware web-based environment for teaching and learning. It has been under development since June 1997 by the Software Engineering Laboratory of the Catholic University of Rio de Janeiro (PUC-Rio). Besides Portuguese, AulaNet is also available for download (http://www.eduweb.com.br) in English and Spanish versions.
In its first versions, AulaNet resources were subdivided into administrative, assessment and didactic services, a common approach in educational tools [Edutools, 2005] . Unfortunately, this approach led teachers who were using the environment to teach in the traditional vertical way: broadcasting information with a low degree of learner-teacher interaction and no interaction among learners at all. Collaborative learners are expected to have a high degree of interaction among themselves and with their teachers, who are supposed to act as coordinators or mediators rather than as information deliverers. Hence, the services were reorganized based on the 3C collaboration model, which is suitable to a collaborative learning approach [Fuks, 2000] .
The AulaNet environment's services are currently subdivided into communication, coordination and cooperation services, as can be seen in Figure 3 . The communication services provide tools for forum-style asynchronous text discussion (Conferences), chat-style synchronous text discussion (Debate), instant message exchange between simultaneously connected learners (Instant Messaging) and individual electronic mail with the mediators (Message to Participants) and with the whole class, in a list-server style (Message to the Class). The 3C triangle appears in Borghoff & Schlichter [2000] Coordination services support the management and the enforcement of group activities. In AulaNet, coordination services include tools for notification (Notices), evaluation (Tasks and Exams) as well as a tool that allows monitoring group participation (Follow-Up Reports). Cooperation services in AulaNet include Lessons and Documentation, a list of course references (Bibliography and Webliography) and course co-authoring support, both for teachers (Teacher Co-Authoring) and for learners (Learner Co-Authoring).
The Information Technology Applied to Education (ITAE) course has been taught since 1998 as one of the courses of the Computer Science Department at PUC-Rio entirely online, using the AulaNet environment.
The course's methodology was envisaged to change the behavior of students who used to be passive receivers into learners who actively generate knowledge. This process seeks to lead learners to look for their own sources of information, to deal with information overload and to collaboratively turn information into knowledge. Learners are graded for their contributions that add value to the group and not only for their individual activities .
In the first part of the course, learners study the contents according to the weekly topic, watching the contents present in the course repository, and discussing the topic asynchronously in the AulaNet Conference service and synchronously in the Debate service (Figure 4 ). In the ITAE course, learners conduct the discussion in these services. Learners take turns performing the Conference Leader and Debate Moderator roles throughout the course. All learners are expected to contribute, discussing arguments with their colleagues, developing and refining new concepts, and having their work observed, commented upon and evaluated by their peers [Benbunan-Fich & Hiltz, 1999] . In the second part of the course, learners develop educational multimedia interactive contents, working in small groups of two or three that are formed according to the profiles they previously submitted. Based on this information, AulaNet suggests group formations that best satisfy the criteria defined by mediators (degree of skill, interest and competency) [Cunha et al., 2003] . After the initial submission, a period of collaborative peer review begins. Members of at least three other groups evaluate each group's content. This evaluation takes place asynchronously in Conferences created specifically for this purpose, where learners discuss problems they found in the prototypes. Once this period is over, groups are given a new deadline to present a revised version that incorporates the contributions of their colleagues.
Further detail about the course and the AulaNet environment is given in the following sections based on a case study for communication, coordination and cooperation.
COMMUNICATION: ARGUMENTATION FOR ACTION
In the command and control paradigm, communication is considered successful when the sender is informed that the receiver received the message. On the other hand, the success of communication in the collaboration paradigm entails the understanding of the message by the receiver. The only way to obtain indications about the receiver's understanding is by observing his actions and reactions, since they are guided by commitments assumed during communication. The receiver reads the message and interprets it, changing his knowledge and commitments in a certain way. That will prompt him to reason about the new acquired knowledge and react. This way, sender and receiver move into an argumentation process in which they reason about their actions [Schön, 1983] .
The designer of a communication tool defines the communication elements that will define the communication channel between the interlocutors, taking into consideration the specific usage that is being planned for the tool (time, space, purpose, dynamics and types of participants) and other factors such as privacy, development and execution restrictions, information overload, etc. Then, these elements are mapped onto software components that provide support to the specific needs. These elements are presented below and, in Section 6, their corresponding software components are presented.
The first communication element that must be considered is the choice of media. They can be textual, spoken, pictorial (when images are used as part of the discourse, as it occurs with emoticons) or gestured, e.g., in a video or avatar form. The media adopted restrict and influence the vocabulary used in the conversation, which is also influenced by the context (e.g., the participants' culture, language and background).
The transmission mode defines whether the information is transmitted in blocks or continuously. In an audio or videoconference and in some chat tools (e.g., Unix talk) the information is transmitted continuously as it is generated. In asynchronous and in other chat and messenger tools the information is transmitted in blocks: the author edits the message and it is only sent with an explicit command. Asynchronous communication tools are used when one wants to enhance reflection by the interlocutors, since they will have more time before they act, while synchronous tools are used for communication bursts. Restrictions policy is another communication element. For example, it is possible to restrict the text's size, characters allowed, bit rate (for video and audio), allowed vocabulary, etc. These restrictions are used in some tools to reduce information overload and to save bandwidth.
Meta-information complements the information being transmitted in the body of the message. Common meta-information available in communication tools are the subject of the message, its date, priority and category. Category can be used to define the semantics of the conversation. The sender selects a category from a pre-defined set when posting a message. The semantics of the categories should be known by all interlocutors as a means to enforce dialog dynamics, detect conflicts, identify task resolution and organize information [Gerosa et al., 2001] .
Conversation structure defines how messages are structured, which can be in a linear, hierarchical or network form. The conversation structure makes the relations between messages, which are usually implicit within the text, visually explicit, as can be seen in Figure 5 .
Hierarchical (tree) Network (graph) Figure 5 . Examples of conversation structure
The linear form is used when there are not so many message interconnections, the chronological order of the messages is relevant and fluency in the conversation is desired [Kirschner et al, 2003 ]. Hierarchical structuring is appropriate when the relationships between messages, such as questions and answers, need to be quickly identified. However, as there is no way to link messages from two different branches, the tree can only grow wide and, thus, the discussion takes place in diverging lines [Stahl, 2001] . Network structuring can be used to seek convergence in the discussion.
Conversation paths can be used to restrict the possible directions the conversation can take. An example of a communication tool with conversation paths is the Coordinator [Winograd & Flores, 1987] , in which some conversation stages and paths are defined. Conversation can only flow through the pre-defined paths. Conversation paths formalize the conversation and it is not recommended when fluency is desired.
In order to provide proper support to communication, the designer should also take into account coordination and cooperation elements. Coordination elements deal with access policies to the communication channel, while cooperation elements deal with information rendering and registration. These elements are discussed in Sections 4 and 5. In the following section, communication elements are illustrated within the AulaNet environment.
Communication in the ITAE course
In a learning situation it is particularly important to align the arguments of the learners in order to promote a common body of knowledge. During the argumentation process, learners have to attack and defend concepts, and collect and validate information that supports or goes against them. In the ITAE course ideas, viewpoints and arguments are expressed and understood without necessarily reaching a single solution for the questions or arriving at agreement or consensus. It is expected that the learners' arguments differ and that the learners are mature enough to accept the positions and the arguments of others, learning something from them. In the ITAE, argumentation that is generated from the confrontation between different ideas is valued. It is expected that learning derives from these arguments and the respective aligning of ideas and not from harmonization and consensus.
Typical workers were not taught to deal with the variety of media available in the Internet and normally use written language to communicate and share information. In order to focus their attention on the content of the Conference discussion, only textual media is used. Moreover, in the last part of the course, while preparing the interactive multimedia educational content, learners act as designers, writers, actors, directors, cameramen etc.
The Conference service, which is an asynchronous communication service, uses a hierarchical conversation structure and is used in ITAE to discuss the course's subjects in greater depth. The hierarchical structuring of the messages makes it possible to organize the discussion in threads, thus preventing a message from one sub-topic from mixing with those of another one.
The Conference service uses subject, date and category as meta-information. The author of the message chooses the category that is most appropriate according to the content being developed, providing a semantic aspect to the relationship between messages. The categories adopted in the ITAE conferences were originally based on the IBIS' node types [Conklin, 1988] . Currently, the categories being used are: Seminar, for the root message of the discussion; Question, Argumentation, CounterArgumentation and Clarification. Figure 6 presents a portion of a dialogue from a conference showing numbered messages mapped to a tree. Categories clearly help to understand the relation between messages without having to inspect their content, thus complementing the information provided by the message structure and helping to identify the direction that the discussion is taking. For example, in a tree or a branch that only contains argumentation messages, there is no confrontation of ideas taking place, while an excessive number of counter-argumentations may indicate that the group has got into a deadlock or there may be interpersonal conflicts taking place [Gerosa et al., 2004] .
The hierarchical structure is also useful to provide indications about the evolution of the class and to identify discussions that moved out from the expected pattern. For example, in the resulting trees presented in Figure 7 , it is possible to observe the declining interaction in the 2002.1 edition of the ITAE course. In the first four conferences of this edition, the average level of the tree was 3.0 and the percentage of unanswered messages (leaves) was 51%; in the last four conferences, the average tree level was 2.8 and the number of leaves was 61%. This illustrates that the conversation structure is useful to detect undesired characteristics, such as the low level of the trees and high number of leaves, which, in this case, indicate a low level of interaction among learners.
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Figure 7. Conversation structure of some ITAE conferences. In the last part of the course, the Conference service is used to peer-evaluate the prototypes produced by each group. Learners negotiate among themselves the revisions that are necessary to the prototypes and then each group produces a final version taking into consideration the commitments assumed. Message to Participant, Message to the Class and Instant Messaging are communication services used with the purpose of coordinating people.
COORDINATION: ACTION PLANNING
Coordination may be viewed as the link connecting the other two C's in order to enforce the success of collaboration. This is more clearly observed when we analyze the elements that need to be coordinated, namely people, resources and tasks. The coordination of people, for example, is deeply related to communication and context. The coordination of resources, on the other hand, is related to the shared space (i.e., cooperation). For this reason, coordination aspects also appear in the discussion about the other C's of the model. In this section, we focus on the coordination of tasks.
Coordination involves the pre-articulation of the tasks, their management and post-articulation. Pre-articulation includes actions that are necessary to prepare collaboration, which are usually concluded before cooperation begins, such as the identification of goals, the mapping of these goals into tasks, the selection of participants and the distribution of tasks among them. The post-articulation stage occurs after the end of the tasks and involves the evaluation and analysis of tasks and the documentation of the collaborative process. The management of the tasks being carried out consists in managing interdependencies between tasks that are carried out to achieve a goal [Malone & Crowston, 1990] .
Some computer-supported collaborative activities, the so-called loosely integrated collaborative activities, such as those in chats or audio and videoconferences, are deeply associated with social relations and are generally satisfactorily coordinated by the standing social protocol, which is characterized by the absence of any computer-supported coordination mechanism-"a specialized software device, which interacts with a specific software application so as to support articulation work" [Schmidt & Simone, 1996 ]-among the tasks, trusting the users' abilities to mediate interactions. Coordination, in these situations, is contextually established and strongly dependent on mutual awareness. Through awareness information, the participants detect changes in plans and understand how the work of their colleagues is getting along: what was done, how it was done, what needs to be done until it is finished, what are the preliminary results, etc. [Gutwin & Greenberg, 2002] [ Dourish & Belloti, 1992] .
However, there are also the so-called tightly integrated collaborative activities, whose tasks are highly interdependent, as the name suggests. They require sophisticated coordination mechanisms in order to be supported by computer systems. The great challenge in designing coordination mechanisms in groupware is to achieve flexibility without losing the regulation, which is necessary in some situations in which the social protocol is not enough. The system should not impose rigid work or communication patterns, but rather offer the user the possibility to use, alter, or simply ignore them. Thus, coordination flexibility and accessibility should be pursued by groupware designers. Flexibility is related to the possibility of dynamically allowing redefinition and temporary modifications in the coordination scheme. Accessibility is related to exposing the coordination mechanisms to system users rather than having them deeply embedded in the system's implementation.
Coordination can take place on the temporal and on the object levels [Ellis & Wainer, 1994] . On the temporal level, coordination defines the sequence of tasks that makes up an activity. On the object level, coordination describes how to handle the sequential or simultaneous access of multiple participants through the same set of cooperation objects.
Temporal interdependencies establish the relative order of execution between a given pair of tasks. In the model used in this paper, the set of temporal interdependencies extends the temporal relations defined by J. F. Allen [1984] . A task's time interval is characterized by two events, which in turn are associated with time instants. The first event is the initial time of an interval A, denoted ia, and the other event is the final time of the same interval, denoted fa, always with ia<fa. To avoid different interpretations of a single interdependency in Allen's model, some additional operators were defined [Raposo & Fuks, 2002] .
The first adaptation deals with active and passive interpretations by means of two operators: enables and forces. Suppose, for example, that an interdependency establishes that tasks A and B start and finish at the same instant, and task A is ready to begin. This situation may be interpreted in two different ways. In the passive interpretation, the execution of task A is blocked until task B is ready. In the active interpretation, the beginning of task A forces the start of task B to ensure that the interdependency will be observed. The enables operator represents the passive interpretation, while forces represents the active one. These operators may be applied to the initial and final instants of each interdependent task.
In a different situation, suppose that task A occurs before task B, and task B is ready but task A is not. The coordination mechanism may block task B until the end of task A, or it may allow the execution of task B, blocking future executions of task A, which would violate the relation. To deal with this situation, it was necessary to create the blocks and unblocks operators. For example, the relation ib blocks ia imposes a restriction to the execution of task A, which may no longer be executed if task B has already started its execution.
Coordination in the ITAE course
ITAE's learning activities exemplify a typical situation that requires pre-and post-articulation to define and refine the coordination itself. ITAE has been continuously evolving based on the feedback provided in previous editions. Learning activities that had been planned in advance for an edition were analyzed and afterwards reformulated in the light of the results obtained in that edition. Figure 8 shows the sequence of tasks planned for the ITAE course. After the initial introductions, there are eight topics for content studies, each of them comprising content reading, asynchronous conference and synchronous debate. Finally, there is the content-generation activity, which is also subdivided into three sub-tasks, and the course finalization, when the final grade is announced. The interdependencies among the tasks presented in Figure 9 are expressed by the enables, forces, and blocks operators. The selection of the Conference Leader, for instance, enables the session's initialization, meaning that the mediators cannot initialize a session without previously selecting a Leader; however, the selection of the Leader does not force the mediators to initialize a session. The same relation takes place between the Leader's question submission and learners' message submission. Learners are not able to submit messages before the Leader's questions, but these questions do not force learners to submit messages. Although the non-participation of a learner may have a negative impact on her degree, it does not necessarily harm the procedural flow of the conference. The forces operator is used, for example, to ensure that the session's initialization by the mediators force the Leader to submit her seminar, followed by questions. The blocks operator is used in Figure 9 indicating that learners cannot submit messages after the mediators finalize the conference session.
The tasks that learners have to perform during the conference are reading and posting messages that constitute arguments, answer an argument or prepare a rebuttal. The interdependencies among theses tasks are characterized by the schedule and the proper order of the messages. It is up to the mediators to enforce the correct use of categories in the messages and their correct positioning.
To avoid contributions that do not add value to the group, each message is individually assessed and commented upon. Follow-Up reports make clear who is not participating or who is participating at an inadequate level. The problems detected in a contribution are commented in the message itself, generally visible to the entire class to enable learners to understand where they have room to improve and what they have gotten right . This also helps to ensure the netiquette and the use of a common language.
Previous editions of the ITAE course have taught us that most of the content should be self-studied and that most of the discussion should be conducted asynchronously in order to enhance reflection. However, by reducing the time pressure to respond, it is easier for a learner to drop out of the group [Graham et al, 1999] . Each conference session lasts 50 hours: from 12 noon Monday to 2 pm Wednesday. Until the 2003.2 edition, there was a burst during the last five hours of the conference. In some cases, more than 50% of the messages were sent during this period. This phenomenon of students waiting until the last possible moment to carry out their tasks is well known and has been dubbed "Student Syndrome" [Goldratt, 1997] . The act of sending contributions near the deadline disturbs in-depth discussions, for those last-minute messages will neither be graded nor be answered during the discussion.
In order to avoid this unwelcome behavior mediators have to encourage the earlier sending in of contributions. Unfortunately, our experience with this course has shown that this encouragement does not work. In the 2004.1 edition, the following experiment was conducted. The last 4 conferences had a different assessment rule than the first 4 conferences, this different assessment being that if until the 25th hour the learners had not sent half of the expected amount of messages, the grade of all the messages sent during the following 25 hours would be divided by 2. In Figure 10b , the chart does not show the 50 th hour message burst, which indicates that the rule has worked. The percentage of messages sent during the last 5 hours of conference fell from 33% in the first half of the course to 13% in the second half. Nevertheless, there are lower 25 th and 50 th hour peaks. However, now mediators and learners have room to access and answer the first batch of messages. The same can be seen in Figure 10c , where all 8 conferences of the 2004.2 edition were assessed based on the aforementioned rule. In this edition, an average of 18% of the messages was sent during the last 5 hours.
Communication and coordination, although crucial, are not enough: "it takes shared space to create shared understandings" [Schrage, 1995] . Given that coordination is required to manage the tasks, according to the 3C model it is also necessary to provide a shared workspace where cooperation will take place. In the specific case of ITAE, where knowledge production is the main goal, the example for shared space is the Conference service; another choice would be the Debate service.
COOPERATION: PRODUCTION IN THE SHARED WORKSPACE
Cooperation is the joint operation during a session within a shared workspace. Group members cooperate by producing, manipulating and organizing information, and by building and refining cooperation objects, such as documents, spreadsheets, artwork etc. The shared workspace provides a number of tools for managing these artifacts, such as the recording and the recovery of previous versions, access control and permission. By recording the information exchanged, the group is able to count on collective memory, which can be consulted whenever necessary to recover the history of a discussion or the context in which a decision was made.
There are a number of tools in the literature that use hypertext to organize group memory [Shum, S.B & Hammond, 1994] . Some of these tools make it possible to use cooperation objects within a shared information space, explaining their links with the interaction that they set off and those that originated them. As a result, the context of the cooperation objects and the interaction are preserved, facilitating understanding and subsequent recovery, which may serve as input for coordination in its post-articulation stage.
Production is dependent on how the shared workspace is structured to present the cooperation objects and the interaction that is taking place there. In a face-to-face situation, a large part of how we maintain a sense of who is around and what is going on is related to being able to see and hear events or actions such as people arriving or leaving, phones ringing, conversations etc. with little conscious effort [Fitzpatrick et al., 2002] . On the other hand, in a computer-supported workspace, awareness support is less effective since the means for making information available to sensory organs are limited; however, irrelevant information can be filtered in a way that reduces distractions that usually affect face-to-face collaboration.
Individuals seek the awareness information necessary to create a shared context and to anticipate actions and requirements related to their collaboration goals. Thus, it becomes possible to interpret the intentions of the members of the group in such a way that one can provide assistance in terms of their work whenever it is convenient and needed [Baker et al., 2001] .
The designer of a digital environment must identify what awareness information is relevant, how it will be obtained, where it is needed and how to display it. Excessive information can cause overload and disrupt the collaboration flow. To avoid disruption, it is necessary to balance the need to supply information with care to avoid distracting the attention required to work. The supply of information in an asynchronous, structured, filtered and summarized form can accomplish this balance [Kraut & Attewell, 1997] . The big picture should be supplied and individuals could select which parts of the information they want to work with, leaving further details to be obtained when required. There must also be some form of privacy protection. The shared space must be conceived in a way that group members could seamlessly move from awareness to work.
Cooperation in the ITAE course
Knowledge and multimedia content are the ultimate production of the ITAE course. Given that the latter is created offline and outside AulaNet, we are focusing on the former, which takes place in the Conference service. It is worth pointing out that AulaNet does not contemplate content authoring. Learners develop educational content using their habitual tools, and the environment supports navigation around the course's shared space.
In AulaNet, services are available through a menu that resembles a remote control unit, which transfers to the learner-up to a certain point-control over the learning process. The control traditionally wielded by the teacher in a classroom is replaced by the coordination of the teacher in charge of mediating the class through knowledge. Learners begin to work in a manner that is similar to what is currently expected of them in the professional world. On the upper part of the remote control, the course's code provides contextual information. The remote control items make learners aware of the services available at a given moment. Next to each menu item there is a circular button, whose lightness changes to provide awareness information about the services, indicating the service that the learner has selected, the service where no changes have taken place since her last access or a service for which some action should be taken, thus taking the learner from awareness to work. As highlighted in Figure 11 , upon moving the mouse over the button of the Conference, the remote control shows that there are 20 unread messages for that learner.
The Conference service provides a shared workspace where learners cooperate by producing and refining knowledge by means of an argumentation process. In ITAE the conference session lasts 50 hours. Learners generate new cooperation objects, in this case conference messages. Learners also construct and handle conference messages (the cooperation objects) and receive feedback from their actions and feedthrough for their colleagues' actions by means of awareness information. In the conference shared space, awareness information about the cooperation objects is displayed, including their authorship, date, category, subject and the assessment made by course mediators. The 3Cs for the conferences are shown in Figure 12 . The register of group interactions is filed, catalogued, categorized and structured within cooperation objects. This is how group memory is saved in AulaNet. Ideas, facts, questions, points of view, conversations, discussions, decisions, etc. are retrievable, providing a history of the collaboration and the context in which learning took place [Kanselaar et al., 2003 ].
DESIGN AND IMPLEMENTATION ISSUES
During the design and implementation of groupware, the designer must have in mind that collaborative applications must be flexible enough to adapt to group characteristics and to the evolution of work processes. Although there is no way to foresee all features that will be demanded from a groupware application, different groupware products share a number of characteristics.
This scenario is suitable for the application of component-based development techniques, which provide the flexibility needed in projects with changing requirements [Szyperski, 1999] . Groupware services can be seen as groupware components that are plugged and unplugged from the system. The system's architecture comprises component frameworks, which define overall invariants and protocols for plugging components. "Without an adequate architectural framework, the construction of groupware and general interactive systems is hard to achieve, the resulting software is difficult to maintain and interactive refinement is hard to obtain" [Calvary et al., 1997] . Figure 13 . AulaNet's system architecture (for the sake of clarity only a few services were listed).
In AulaNet's architecture, the AulaNet component framework defines the general functionalities common to all services, such as service interaction management and data sharing. Currently, there are three different families of services: collaboration, administrative and guest services, which correspond to component frameworks that deal with characteristics specific to each service ( Figure 13 ). The first family of services is used by teachers and learners to support collaborative learning activities; the second is used by the environment administrator to manage and configure its functionalities and data; and the third aggregates the functionalities that are used by visitors, such as FAQ, contact with the administrator, bug report, course listing and enrollment, etc. Current AulaNet services were also developed using a component-framework-based architecture, as can be seen in Figure 14 . There is a common structure implemented by the collaboration framework, which defines the skeleton of the services, and plugged to this framework there are the communication, the coordination and the cooperation component frameworks, which support each C. Class frameworks are used to implement components, which are plugged to the corresponding Cframework and implement the specific functionalities of the service.
For example, using the communication class framework, the developer implements components for synchronous and asynchronous communication, message transmission, commitment management, etc. Using coordination class framework, components for task management, participation follow-up, workflow, etc. are implemented. Using cooperation class framework, components for managing the shared space and its awareness elements, version management, among others are implemented. In the next subsection, the AulaNet Debate service is used to exemplify the composition of the service using the instantiated components.
The AulaNet component framework comprises six main components: Service Manager, Security Manager, Session Manager, Interface Component Library, Domain Object Library and Infrastructure Component Library. The Service Manager is responsible for version control, name control, installation of new services, service aggregation, communication between services, remote localization, etc. The Security Manager handles identification, authentication and access control for each user, as well as data cryptography. The Session Manager keeps a given set of values persistent from one call to another among those made by the same user. The Interface Component Library provides interface elements that are used in the services, facilitating the update of an element, enforcing interface consistency and standardization, making the use of specific components for mobile devices possible and supporting the change of the entire environment's skin. This library also stores service interface texts, because of the use of multiple languages and text customization. The Domain Object Library contains objects that represent the data model that is shared by services, enabling the reuse of the data model and supporting the persistence of shared objects and tools. This library contains mechanisms for replication and concurrency control. To facilitate service implementation and to group features that are common to different services, AulaNet has an Infrastructure Component Library, which supports the sending of messages and error handling, among others.
A thin-client strategy was adopted on AulaNet's architecture, that is, most of the processing takes place in the server, leaving to the client the task of displaying the user interface. This strategy is especially useful in a learning environment, because its users are not necessarily from technologyrelated areas and this approach requires minimum installation and configuration on the client side. Using a web browser, users interact with AulaNet and its services. Some services-such as Debaterequire components being executed on the client side. In these cases, the architecture supplies the client/server communication resources by means of applets running on the client machine.
Component-based development allows us to have a flexible set of services that can be used within AulaNet. The environment provides a standard set of services that can be adapted to each AulaNet server. It is also possible to develop new services, even without knowing the internal implementation of AulaNet. There is only one set of interfaces that should be maintained to enable communication between AulaNet and its services. This also allows for the use of tools that were not originally developed to be used with AulaNet by implementing some classes that satisfy the required interfaces and mediate the communication between the environment and the tools.
The Debate Service Case Study
AulaNet services are composed of components plugged to component frameworks. For example, a previous version of the AulaNet Debate service, denominated Mediated Chat 1.0 (MC1), was implemented with a communication component, which implemented synchronous communication protocols, and a cooperation component, which implemented the shared space, as can be seen in Figure 15 [Pimentel et al., 2003] . The communication component implements the Debate's communication elements shown in Table 1 , namely textual media, linear conversation structure, metainformation and block transmission mode. The MC1 user interface was presented in Figure 4b . It is a plain chat tool that provides a text box, where learners type their messages, a text area, where messages are posted, and another area where the learners present in that chat session are listed.
Given the evolutionary nature of the ITAE course, the debate procedure changed and, unfortunately, the MC1 tool could not support it anymore. Figure 16 shows the new debate coordination protocol. The tasks are organized as follows. The mediators declare the debate session initiated. Then, the Moderator-role performed by one of the learners-posts a summary of the conference's discussion followed by a question related to it. Next, each learner posts a contribution commenting on that question. After all learners have sent their comments, the group chooses one contribution to be further discussed. Then, they all become involved in a free discussion. Finally, they draw their conclusions. This cycle-question, comments, vote, free discussion and conclusions-is repeated for each new question. Concluding the debate, the mediators declare the end of the session and later on appraise learners' participation. For that purpose, in the current version of the Debate service, denominated Mediated Chat 2.0 (MC2) and presented in Figure 17 , the shared space was enhanced with new awareness information, such as session title, message time stamp, identification of mediators and participation order. Coordination mechanisms incorporated into the Debate service are used to implement the coordination protocol modeled in Figure 16 . The circular contribution is used in the "Commenting on the question" task; unique contribution is used in "Vote on a contribution"; and free contribution is used in the "Free discussion" and "Conclusions" tasks. For the tasks "Select debate moderator", "Declare debate session initiated", "Declare debate session finalized" and "Evaluation", mediators lock the shared space, obtaining exclusive access to it and thus avoiding parallel conversations. 
CONCLUSION
Groupware systems are evolutionary because the composition and the characteristics of workgroups change with time, as well as the tasks that need to be executed. For this reason, even if a groupware designer is able to develop an "optimal" application for a group, it will eventually become inadequate due to new situations and problems that certainly will appear.
Ideally, groupware should be prototyped [Schrage, 1996] because collaborative systems are especially prone to failure [Grudin, 1989] , hence demanding iterative evaluation during their development. However, given the excessive cost of throwing code away, as demanded by "pure" prototyping [Brooks, 1975] , an incremental model can be considered more adequate, leading to the development of more advanced prototypes in the subsequent cycles.
The AulaNet environment has been developed by means of prototyping and its functionalities have been implemented evolutionarily. The evolution in the collaboration support offered by the environment has deemed the application's code tightly integrated and with low cohesion. Technical aspects of synchronism and sharing were present throughout the whole code, being mixed with collaboration support. Changes in the environment were reflected in diverse parts of the code and caused undesired side effects, thus making the environment's evolution difficult.
In face of construction and maintenance difficulties, the groupware developer spent more time dealing with technical difficulties than moderating and providing support to the interaction among users. Such problems led to the need to create a quicker and more effective way to develop groupware in which low-level complexities resulting from distributed and multi-user systems were encapsulated into infrastructure components of the architecture. Besides, the concepts of the domain's modeling should permeate all other activities and artifacts of the application's development. This way, the modeling done during the domain analysis could be mapped to implementation, thus increasing productivity in groupware development and maintenance and making the applications more adequate to the users' collaboration needs. The 3C collaboration model defines three types of services that a groupware may support. The concepts and representation models described in this paper can be used to guide the functional specification and to provide a common language for representing and describing the collaboration aspects of a workgroup. The application of the 3C model was illustrated throughout this paper using the AulaNet learning environment and the ITAE course. The groupware component system architecture used in the AulaNet environment mirrors the 3C model. Communication, coordination and cooperation functionalities were directly mapped to the implementation of AulaNet's collaboration services. The redesign of the AulaNet Debate service illustrates this mapping and the modularity achieved using the component system architecture.
The 3C model and component-based architecture may be instrumental in the incremental groupware development cycle, which could be based on the spiral software-development model [Boehm, 1988] and combine the classical sequential model with the iterative behavior of incremental prototyping ( Figure 19 ). Considering domain analysis as the process of identifying, collecting, organizing and representing relevant information in a domain based on the study of existing systems and their development histories, knowledge captured from domain experts, underlying theory and emerging technology within a domain [Hess et al, 2000] , it could be supported by the 3C collaboration model. The 3C model also guides the subsequent stages of groupware development.
General groupware requirements [Schmidt & Rodden, 1996] [Mandviwalla & Olfman, 1994] that are elicited in the requirement-analysis stage are seldom clear enough to enable a precise specification of system behavior. Incremental prototyping makes it possible to constantly evaluate and validate the design and implementation, thus counterbalancing the need to have a complete set of requirements to start the design. We are currently investigating how groupware requirements could be elicited from the 3C model viewpoint.
There are different techniques suitable for the design stage, namely groupware design patterns [Groupware Patterns Swiki, 2005] for reusing common design approaches, UML extensions for representing specific groupware aspects of the software, groupware architectures [Tietze, 2001] [Marsic & Dorohonceanu, 2003 ] and groupware-related frameworks [Marsic & Dorohonceanu, 1999] [TarpinBernard et al., 1998 ] for reusing code and infrastructure. In Section 6 of this paper we have presented a component-based architecture and collaboration framework based on the 3C model that facilitates the task of programmers, who can reuse and extend data structures provided by frameworks, leaving to the infrastructure provided by the groupware architecture the support of some specific multi-user aspects, such as data synchronization, distributed resource sharing and inter-component communication.
For the implementation stage, communication, coordination and cooperation components could be plugged to the collaboration component frameworks, as shown in the case study presented here. Toolkits [Roseman & Greenberg, 1997] and other kinds of groupware components [Hummes & Merialdo, 2000] [Stiemerling & Cremers, 2000] [Blois & Becker, 2002] are alternatives for building collaborative systems.
Given its complex interactive nature, groupware testing has not yet achieved its maturity. We are currently investigating how the 3C model may help evaluators focus their attention on the communication, coordination and cooperation aspects, guiding the detection of usability problems. Groupware heuristic evaluation [Baker, Greenberg & Gutwin, 2001] and task-based analysis [Pinelle et al, 2003 ] could be used to guide groupware testing.
